Treatment of pneumococcal meningitis has become problematic because of the emergence of penicillin-and cephalosporin-resistant strains and because of the concern that dexamethasone therapy might reduce penetration of antibiotics into the cerebrospinal fluid (CSF). We addressed these issues with our rabbit meningitis model by studying two pneumococcal isolates that were resistant to penicillin and ceftriaxone and susceptible to vancomycin and rifampin. Ceftriaxone, vancomycin, and rifampin were given alone or in combination, with or without coadministration of dexamethasone. Treatment was started 12 to 14 h after intracisternal inoculation of i104 CFU of one of the organisms. Rifampin concentrations in serum and CSF were similar, regardless of whether dexamethasone was given, whereas those of ceftriaxone were somewhat lower at each time point in animals given dexamethasone. The penetration of vancomycin into CSF was consistently and substantially reduced with dexamethasone treatment, which resulted in a delay in CSF sterilization not observed in non-dexamethasone-treated animals. When rifampin was used with ceftriaxone for treatment of meningitis caused by the more resistant strain, bacteriologic cure occurred promptly, with or without dexamethasone therapy. In areas with high rates of occurrence of resistant pneumococcal strains, we believe initial empiric therapy of bacterial meningitis should include two antibiotics: ceftriaxone and either rifampin or vancomycin. When dexamethasone is used, the combination of ceftriaxone and rifampin is preferred for therapy.
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Dexamethasone has been shown to improve the long-term outcome in infants and children with bacterial meningitis, especially meningitis caused by Haemophilus influenzae type b (19, 20, 27, 28) . Its role in the management of Streptococcus pneumoniae meningitis is uncertain, although a retrospective study of 97 infants and children (18) and a prospective trial in 106 older patients (15) with pneumococcal meningitis suggested a satisfactory effect. With routine use of conjugate Haemophilus vaccines in many countries, meningitis caused by this organism has virtually disappeared (1, 4, 6, 23, 26, 29) , leaving the pneumococcus and meningococcus as the principal causes of meningitis in these areas.
Attention has recently focused on management of pneumococcal meningitis because of the emergence of penicillin-and cephalosporin-resistant strains (7, 8, 10, 11 showed synergistic killing of resistant pneumococci in the rabbit meningitis model (12) , and this regimen has been suggested for routine initial therapy of bacterial meningitis until results of culture and susceptibility studies are available.
Because of concerns about the highly variable concentrations of vancomycin in cerebrospinal fluid (CSF) after parenteral administration (22, 34) and about possible reduced penetration of vancomycin into CSF when dexamethasone is concomitantly given, the present study was undertaken. The impact of dexamethasone therapy on the decrease of clearance of resistant pneumococci from CSF in our meningitis model was assessed by using several antimicrobial regimens.
MATERIALS AND METHODS
Bacterial strains. Two S. pneumoniae strains isolated from infants with meningitis for whom conventional therapy failed were used (12, 14) . The strains were grown overnight on blood agar plates. The plates were washed with phosphate-buffered saline (PBS), and aliquots of the resultant suspension were frozen at -70°C. To prepare the inoculum, aliquots were diluted in PBS to a concentration of approximately 2 x 105 CFU/ml, and a 250-,ul inoculum was intracisternally administered into each rabbit.
Meningitis model. The well-characterized rabbit meningitis model (17, 21, 24, 32) , modified from the original description of Dacey and Sande (9), was used. Briefly, New Zealand White male rabbits weighing 2 to 2.5 kg were intramuscularly anesthetized with ketamine (40 mg/kg of body weight) and acepromazine (3 mg/kg) before each procedure. After a dental acrylic helmet was attached to the cranium, each rabbit was immobilized in a stereotactic frame. A 25-gauge spinal needle was introduced into the cisterna magna and 250 LI of CSF was 5 h for three doses and ceftriaxone at 0 and 10 h. These antibiotic dosages were selected to achieve peak and trough concentrations in CSF similar to those in humans during the first 24 h of therapy. Additionally, half of the animals received dexamethasone intravenously (1 mg/kg; Luitpold Pharmaceutical Inc., Shirley, N.Y.) just before and 10 h after the initiation of antimicrobial therapy.
Antibiotic measurement. Vancomycin and rifampin concentrations were determined by disk diffusion microbioassays using Bacillus subtilis ATCC 6633 and Micrococcus lutea ATCC 9341, respectively (30) . Ceftriaxone values were measured by reverse-phase high-performance liquid chromatography. The lower limits of detection were 0.7, 0.08, and 0.5 ,ug/ml in CSF and 0.7, 0.3, and 12.5 p.g/ml in serum for vancomycin, rifampin, and ceftriaxone, respectively. The higher limit for the ceftriaxone concentration in serum was the result of a greater dilution of serum made to detect larger concentrations than are found in CSF.
Statistical analysis. Student's t test or one-way analysis of variance (Newman-Keuls multiple-comparisons test) and twotailed Fisher exact tests were used for parametric data and comparison of positive and negative cultures, respectively. The number of animals ranged from 6 to 10 per treatment group. A P of <0.05 was considered significant.
RESULTS
The MICs and MBCs of the antibiotics used are shown in Table 1 . The CSF and serum antibiotic concentrations obtained after the first dose and the percentages of antibiotic penetration into CSF are presented in Table 2 . Values obtained after the second dose were similar to those after the first dose with the exception of vancomycin, for which there were significantly lower peak concentrations in CSF in dexamethasone-treated versus non-dexamethasone-treated animals (1.5 ± 0.5 versus 2.5 ± 1.0 ,ug/ml, respectively; P = 0.042). A similar trend for CSF vancomycin concentrations was seen for both peak and trough values in the first specimens as well. Furthermore, the percentage of vancomycin penetration into CSF was consistently lower in dexamethasone-treated animals. The ceftriaxone concentrations in CSF and CSF penetration were lower in dexamethasone-treated animals at all times studied; however, the differences in concentrations were not statistically significant compared with the values for nondexamethasone-treated rabbits. The concentrations and penetration of rifampin were unaffected by dexamethasone administration.
Therapy in animals inoculated with JM strain. Figure 1 shows the results of therapy expressed as CFU per milliliter in CSF for the different regimens, ceftriaxone, vancomycin, and (Fig. 2) . The combination of ceftriaxone and rifampin was effective in sterilizing CSF cultures, regardless of whether dexamethasone was given.
Because ceftriaxone and rifampin were so effective, additional experiments were performed in which animals infected with JG strain were treated for 7 days and in which half of the rabbits were given dexamethasone (1 mg/kg of body weight every 12 h) for the first 4 days. Animals were treated intravenously with rifampin (20 mg/kg every 12 h) for 7 days and with ceftriaxone (75 mg/kg every 12 h) for the first 2 days only. CSF samples were obtained at 0, 24, and 48 h following initiation of antibiotics, on the last day of treatment (day 7) , and 2 and 5 days after the last dose of rifampin. Antibiotic concentrations and penetration into CSF were similar to those shown previously, and there were no significant differences in values for dexamethasone-treated and non-dexamethasone-treated animals. The mean loglo CFU per milliliter (± standard deviations) before antibiotic therapy were 6.6 ± 0.6 and 6.5 ± 0.5 in dexamethasone-treated and non-dexamethasone-treated animals, respectively. After the first day of treatment, all CSF cultures were sterile, including those obtained 2 and 5 days after rifampin therapy was stopped. (21, 33) . The rabbit meningitis model has been useful in evaluating antimicrobial regimens for meningitis therapy with the caveat that the dosage of the tested drugs be adjusted to achieve concentrations in rabbit serum that are comparable to those expected in humans. This was achieved in the present study with the three antibiotics assessed, given either singly or in combination. The penetration of rifampin into CSF was relatively unaffected by coadministration of dexamethasone, whereas the ceftriaxone concentrations in CSF and penetration into CSF were lower in the dexamethasone-treated animals. The concentrations of vancomycin were substantially and consistently reduced by steroid therapy in all experiments, and the CSF vancomycin concentrations attained failed to achieve a sufficient multiple of the MBC of the organism to produce a consistent bacteriologic cure. This was also true for some of the animals treated with ceftriaxone and dexamethasone. The bacteriologic efficacy of ceftriaxone or vancomycin therapy as measured by concentrations of organisms in CSF at various times after the start of treatment was reduced by dexamethasone, especially against the less resistant JM strain. Combined ceftriaxone and vancomycin therapy was effective in animals infected with the JM strain whether or not dexamethasone therapy was given, illustrating the synergistic activity of these drugs against pneumococci (12, 13) . This was not the case for the more ceftriaxone-resistant JG strain when dexamethasone was coadministered. The lack of bacteriologic efficacy in the latter experiments can be explained by lower concentrations of both antibiotics, especially vancomycin, in CSF with dexamethasone therapy, resulting in diminished bactericidal activity as recently shown in vitro by time-kill studies with the JG and JM pneumococcal strains (13) .
We previously studied rifampin therapy alone or in combination with ceftriaxone or vancomycin in experimental pneumococcal meningitis (12) and in time-kill experiments (13) using the JM and JG strains. Rifampin therapy resulted in slow killing of pneumococci in vivo, and the addition of either ceftriaxone or vancomycin resulted in an indifferent effect in the in vivo and in vitro systems. In the present experiments, dexamethasone therapy did not adversely influence the eradication of pneumococci from CSF when rifampin and ceftriaxone were administered. Additionally, animals injected with the JG strain and treated with rifampin and ceftriaxone for 2 days and then with rifampin alone for 5 days had uniformly sterile CSF cultures during therapy and at 2 and 5 days after rifampin therapy was discontinued.
If dexamethasone is used for the first 2 to 4 days of therapy for meningitis (19, 27, 28 Management of meningitis caused by resistant pneumococcal strains is evolving, and no one regimen should be considered standard therapy at this time. Regardless of the regimen chosen for initial empiric therapy, we believe that a second lumbar puncture should be performed approximately 24 to 36 h after the start of treatment to document bacteriologic cure, and susceptibility studies of pneumococcal isolates should be carried out in accordance with the recently published recommendations of the National Committee on Clinical and Laboratory Standards (25) .
